We report a fabrication method for a gradient refractive-index polymeric object from a binary comonomer system, regardless of the monomers' reactivity ratio and the molar volume criteria of gradient refractiveindex development. To fabricate a large gradient refractive-index rod consisting of a methyl methacrylate and 2,2,3,3-tetrafluoropropyl methacrylate comonomer pair that has not been used for fabrication of a copolymer gradient refractive-index rod by previous conventional methods because of chemical restrictions in molar volume and reactivity ratio difference, we use the so-called successive UV polymerization in a controlled radial volume in conjunction with an automatic refill reactor. Simultaneously and automatically, the volume shrinkage problem, an inevitable shortcoming for the fabrication of a large polymeric object in a commercial production scale, is overcome and exploited. The theoretical features of the refractive-index profile generation of this method are also compared with those of conventional methods for which the chemical restrictions of monomers are crucial for the shape of a refractive-index profile.
Introduction
Gradient refractive-index (GRIN) objects in the shape of cylindrical rods are used as optical elements for ray optics and also as optical telecommunication media in academia and industry. Among them, methyl methacrylate (MMA)-based graded-index (GI) polymer optical fibers (POFs), heat drawn from GRIN preforms, are economically attractive data-transmission media and have excellent transmission performance with low signal dispersion for short distance optical telecommunication at a wavelength of approximately 650 nm. 1, 2 The refractive-index profile (RIP) of a GI POF is, in general, approximated by a power-law equation as described by 2 n ͑ r ͒ ϭ n 0͓ 
where n͑r͒ is the refractive index at radial position r͑0 Յ r Յ R 0 ͒ and R 0 is the radius of the core. In Eq.
(1), ⌬ is the refractive-index difference defined as ⌬ ϭ ͑n 0 2 Ϫ n 1 2 ͒͞2n 0 2 Ϸ ͑n 0 Ϫ n 1 ͒͞n 0 and n 0 and n 1 ͑n 0 Ͼ n 1 ͒ are the refractive indices of the center of the core and cladding of a GI POF, respectively. Index exponent ␣ determines the shape of the RIP. For example, when ␣ ϭ 1 the RIP is a roof shape; when ␣ → ϱ the refractive index of the core is a constant (step index). For a greater than gigabit transmission, ␣ must be slightly higher than 2.0 to minimize modal dispersion and increase bandwidth. 2 The fabrication techniques for GRIN rods and GI POFs based on acrylate polymers have been estab-lished by batch processes such as (photo) copolymerization, interfacial gel copolymerization, and interfacial gel polymerization with a dopant, many of which were invented by Koike's research group. [3] [4] [5] [6] [7] [8] [9] [10] In principle, the methods exploit the reactivity ratio differences of binary and tertiary comonomers or the selective diffusion of monomer or nonpolymerizable species (dopants) that are due to molar volume difference. 6 -10 In addition, continuous processes, such as extrusion, combined with a core-shell separation die 11 and coextrusion method 12 for GI POF manufacturing have been reported.
The dopant GI POFs have been studied extensively and therefore precise tuning of material (monomer and dopant selection) and processing (RIP control and drawing technique) has achieved excellent transmission capability and low loss. On the other hand, there are still many technical challenges that must be resolved with regard to poor long-term and hightemperature stability caused by dopant migration with elevated temperatures and a prolonged period of time. These stem from the fact that the generation of a RIP relies to a large extent on the diffusion of small molecular weight dopant molecules in a polymer matrix. From a business perspective, we must also resolve the problem of high manufacturing cost caused by slow polymerization of interfacial gel polymerization (isothermal frontal polymerization in a limited gel phase region). 13, 14 Another problem is the difficulty of heat control of a GRIN preform and POF fabrication. 15, 16 An increase of the preform diameter is a critical issue for commercialization of GI POF because the increase of the preform diameter is a more effective way to maximize the productivity of GI POF than that of the preform length. However, the exothermic nature of bulk radical polymerization makes it difficult to control desirable dopant distribution that is strongly affected by temperature in the case of a large diameter. There has been research on the development of a fabrication method for a GRIN preform and a GI POF by use of a copolymer composition gradient.
However, a copolymer GI POF often has additional scattering problems not only because of domain formation that is due to immiscibility that causes direct Rayleigh scattering, but also because of density fluctuation that causes background scattering. 17, 18 This scattering increases attenuation loss of POFs, and the transmission length is thus shortened. To reduce transmission loss it is more feasible to use a comonomer system with a wide miscibility window after polymerization as well as a similar reactivity ratio. Interfacial gel copolymerization of MMA and benzylmethacrylate (BzMA), 5 which is a thermodynamically miscible blend and whose reactivity ratios are similar, is such a system that uses different diffusion characteristics of monomers caused by molar volume difference. However, we do not expect a fast and commercially available production rate or easy thermal control of a MMA-BzMA system. In addition, van Duijnhoven and Bastiaansen 19 and van Duijnhoven 20 have proposed a method that uses a high centrifugal force field. The production of a gradient composition (and therefore the refractive index) along the radial direction was achieved only when polymer-monomer mixtures were used because the significant sedimentation effect that overcomes Brownian diffusion that is due to density difference does not appear in a comonomer system and also limits the variation of material selection. With regard to an all-batch process of preform fabrication for POF, the volume shrinkage problem is important because it could result in a negative effect on the uniformity and even the shape of preforms. 21 However, as far as we know, little effort has been devoted to overcome the problems that are inevitably caused by volume shrinkage during bulk radical polymerization of a GRIN rod and a GI POF. For example, the extent of volume shrinkage from MMA to poly(methyl methacrylate) (PMMA) is approximately 20%. 21 Since volume shrinkage occurs when monomers are polymerized to produce a polymer, a preform for a POF fabricated under the rotation of a reactor has a hollow or vacant space in its center to form the shape of a tube, a so-called cavity. Thus, it is necessary to fill the cavity with an additional monomer, prepolymer, or polymer-dissolving monomer to fabricate a cavity-free preform.
There are a few reports that do not address the volume shrinkage problem: the multifeeding method 22, 23 and the centrifugal deposition method, 24 both of which successively deposit the inner wall of a rotating polymer tube with a precisely controlled comonomer feeding ratio and volume. In the latter case, the authors reported very low attenuation loss (120 dB͞km) and high bandwidth ͑3.45 Gbits͞s at 100 m) at 650 nm, which is best for a GI POF copolymer composed of MMA and BzMA. However, the possibility that discontinuity of the RIP develops increases in proportion to the size of the preform, which could lead to significant scattering in the interface and, therefore, reduce data transmission capability. Furthermore, when filling the cavity, the obtained preform can deteriorate and reduce the optical and mechanical quality of a GI POF because of the developed interfaces between multifed layers as well as the contact with atmospheric gas. With respect to quality control for commercial scale production, such problems still limit the practicability of the processes.
We report a method of fabricating a GRIN rod as a GI POF preform using an automatic refill reactor to overcome the volume shrinkage problem. 25, 26 We used the MMA and 2,2,3,3-tetrafluoropropyl methacrylate (TFPMA) comonomer pair (actually MMA rich) to create a GI POF of high optical performance and commercial availability. Theoretical analysis will show the versatility of our method for the fabrication of a copolymer GRIN rod made of a binary comonomer mixture with an arbitrary combination of the refractive index, reactivity ratio, and molar volume in a perfectly closed (no liquid-gas interface) system.
Experiment

A. Materials
MMA was purchased from the Aldrich Chemical Company (Milwaukee, Wisconsin) and TFPMA was purchased from the Joint Stock Company of Russia. MMA and TFPMA were purified by washing out the inhibitor with an aqueous NaOH solution and a subsequent low temperature vacuum distillation with a cold condenser. Before use the purified MMA and TFPMA were filtered with a polytetrafluoroethylene membrane filter with a pore size of 0.45 m and stored under nitrogen atmosphere in a refrigerator set at 5°C. The chain transfer agent n-butylmercaptan (n-BuSH), supplied by the Tokyo Keisei Company, was purified by vacuum distillation at an elevated temperature. The thermal initiator 2,2=-azobisisobutyronitrile (AIBN) supplied by Merck (Whitehouse Station, New Jersey) and the UV initiator 1-hydroxy-cyclohexyl-phenyl-ketone, whose trade name is IRGACURE 184, supplied by Ciba Specialty Chemicals (Basel, Switzerland), were stored in a refrigerator and used without further purification.
B. Fabrication of a Gradient Refractive-Index Rod
TFPMA has a very low intrinsic absorption at a wavelength of approximately 650 nm and has good miscibility with MMA. As a model system, in comparison with the poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA), PTFPMA forms a more miscible blend with PMMA. Refer to Chapters 2 and 5 of Ref. 20 for the miscibility results of the PMMA͞PTFEMA and PMMA͞PTFPMA blends taking into consideration the interaction parameter. Since poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) has a lower refractive index than PTFEMA and poly(benzyl methacrylate) (PBzMA), poly(MMA-co-TFPMA) is most advantageous for commercial and practical use because of its lower material dispersion that increases data transmission capability. 19 However, the MMA͞TFPMA comonomer pair has not been used for a copolymer GRIN rod by previous conventional methods because of chemical restrictions, i.e., the molar volume of TFPMA is higher than that of MMA whereas the refractive index of TFPMA is lower than that of MMA. Therefore, the interfacial gel copolymerization method would not work for this copolymer system.
The experimental facility of a rotating reactor system with a sliding UV focusing unit is shown in Fig.  1 . The reactor rotates about its central axis in a closed heating chamber. A movable UV barrier is placed on the top of the heating chamber. A collimated UV ray radiates only on the longitudinally narrow volume of the main reaction part of the glass reactor through an UV focusing unit that consists of a long and thin plano-convex cylindrical lens. Polymerization takes place only in the narrow radial region of the reactor. Refer to Refs. 25 and 26 for detailed information about the structure and operating principle of an automatic refill reactor, which was previously called a cavity-preventing type reactor.
The inner diameters and lengths of the reactor used for this study are 70 and 300 mm for the introduction part of the reactor and 55 and 630 mm for the reaction part of the reactor (see Fig. 2 ), respectively. The reaction part was made of an UV transparent glass tube. For simplicity, the diameter differences of the two parts are not depicted differently in Fig. 1 . Here we briefly explain the basic principle of the automatic refill reactor and the processing method.
In Fig. 2 (a) the cladding was already formed only at the main reaction part because the blocking wall prevented the reaction mixture from overflowing to the introduction part. The initial thickness of the cladding formed by the cladding reaction mixture of 80͞20 mol %͞mole % MMA͞TFPMA, 0.04 mol % AIBN, and 0.4 wt. % n-BuSH was 11 mm; the final thickness of the cladding was approximately 9 mm because the volume shrunk after polymerization. The polymerization was performed at 75°C for 12 h without UV radiation because we used only a thermal initiator for cladding fabrication. A 9 mm thick clad- ding is approximately one third of the preform radius (radius of the main reaction part is 55͞2 mm). The clad-to-core ratio as well as the core RIP was maintained after the heat drawing process from a largediameter perform to a GI POF. For core fabrication, the main reaction part and the introduction part were filled with liquid comonomer mixtures having different compositions. When the reactor rotated, a cavity developed in the unoccupied space of the introduction part. However, the cavity did not extend to the reaction part because of the cavity-preventing structure.
As UV polymerization progresses, the volume shrinks because of polymerization in the main reaction part, but the unpolymerized reaction mixture with a higher refractive index flowed convectively from the introduction part to the center of the main reaction part through the so-called detour flow path of the small diameter. The movable UV focusing unit moved from the outer region of the reactor toward the center. As a result, the refractive index of the polymerized region becomes larger and larger as the polymerization of the main reaction part is carried out successively from the periphery to the center of the reactor. Concurrently, the cavity in the introduction part became larger as the polymerization progressed, whereas no cavity was formed in the reaction part.
At the initial stage [ Fig. 2(a) ], the MMA-TFPMA binary comonomer mixture of the lower refractive index (80͞20 mol %͞mole % MMA͞TFPMA) was inserted into the main reaction part and that of the higher refractive index (95͞5 mol %͞mole % MMA͞ TFPMA) was inserted into the introduction part of the reactor, respectively. The mixtures contained 0.04 mole % of the IRGACURE 184 UV photoinitiator and 0.2 wt. % of the chain transfer agent (n-BuSH). After feeding the mixture, the cavity in the introduction part was pressurized by nitrogen gas at 3 bars and then sealed. The reactor was then immediately installed in the rotating reactor system and UV polymerization continued. During heating at 75°C and rotation at 3000 rpm, UV polymerization radiated to the clad-reaction mixture interface first and then moved gradually ͑0.5 mm͞30 min͒ to the center of the reactor. Thus the RIP was generated as polymerization continued [Figs. 2(b) and (c) ]. The polymerization gel effect was effectively suppressed because the UV ray radiated on the small volume and high speed rotation centrifuged the polymerized portion of the reaction mixture of high density.
C. Characterization of Fibers
The GRIN cylindrical rod obtained was additionally heat drawn to fabricate a GI POF of 0.75 mm diameter at a take-up speed of 8-20 m͞min. The diameter was controlled by balancing the feeding speed of a GRIN rod into the furnace and take-up speed of the fiber. Samples of commercially available step-index and multistep-index POFs were also prepared to compare the physical properties with the GI POF of this study. To check the presence of endotherms and to determine the annealing temperature of POFs, we used a differential scanning calorimeter with the DuPont 2100 Thermal Analyst having a 910 cell base. We carried out scanning electron microscopy and synchrotron small x-ray scattering (SAXS) experiments for some commercially available step-index and multistep-index POFs as well as for our GI POF to compare the domain formation that can be created during the drawing process.
The samples were prepared by quenching POFs with liquid nitrogen and subsequently breaking them. The cross-sectional views of POFs were taken with a field emission scanning electron microscope (Hitachi S4700). The synchrotron beamline of the Pohang Accelerator Laboratory (Pohang, South Korea) was used for synchrotron SAXS measurement of the POFs. The x-ray wavelength was 0.16083 nm, and the beam size at the focal point was less than 1 mm 2 , focused by a platinum-coated silicon premirror through a doublecrystal monochromator.
Results and Discussion
A. Properties of the Rod and Fibers
We performed attenuation loss, a RIP, and Ϫ3 dB bandwidth measurements for the GI POF. The attenuation loss was detected by the conventional cutback method by use of a 50 m long POF and measurement of optical intensities at each 1 m cutting of GI POF. 2 The fabricated GI POF showed an attenuation loss of 170 dB͞km across more than 80% of the GRIN rod. The RIP measured by the near-field pattern is shown in Fig. 3(a) . The corresponding Ϫ3 dB bandwidth measurement was taken by measuring the pulse broadening of the full width at half-height after 50 m transmission of the optical signal and the resultant value was 3.1 Gbits͞s at 50 m as shown in Fig. 3(b) . These attenuation and bandwidth values are sufficient for short-distance fast optical communications. This GI POF also has excellent thermal and environmental stabilities and a mechanical strength equivalent to that of commercial step-index POF discussed in Ref. 25 .
As shown in Figs. 4(a)-4(d), GI POF fabricated by this method was uniform and had no visible layer formation across the radial direction. In contrast, the commercial POFs that were thought to be perfectly amorphous showed a lumpy pattern that implies the presence of an ordering structure in those POFs. Therefore, SAXS experiments were carried out for two commercially available POFs after stripping out the jacketing and our bare GI POF. As shown in Fig.  5(a) , it is interesting that commercial POFs showed distinct evidence of domain formations at 23-24 nm, whereas the GI POF that we fabricated shows no distinct peak.
From differential scanning calorimeter measurements we found that the commercial step-index POF showed slight endotherms at approximately 118°C. Thus we performed SAXS experiments for step-index POF samples after annealing at 120°C for 1 and 2 h as shown in Fig. 5(b) , whereas no distinct changes in the SAXS pattern for our GI POF is visible in Fig.  5(c) . As annealing progressed, the peak height was increased and the peak position moved in the direction of the lower q Ϫ1 value, which means the d-spacing increment and the pure amorphous region are q ϭ 2͞D, where q is a scattering vector and D is a d-spacing value. Therefore, these long-range orderings are thought to be fibril structures in the direction of fiber length, probably formed during fast extrusion in a rubbery state as was often observed for extruded amorphous copolymer fibers.
B. Refractive-Index Profile
We derive an equation for RIP generation by successive radial UV polymerization. This can also provide the theoretical principle of RIP generation of our methods as well as solutions to overcome volume shrinkage and chemical restrictions by other conventional methods. As depicted in Fig. 6 , the volume change and the resultant convection from the introduction part of the reactor is considered by successive radial UV polymerization. The volume of the kth layer at position r k that is being polymerized is as follows:
where H is the height of the main reaction part of the reactor, and ⌬r ϭ R 0 ͞M. Because volume shrinkage takes place during polymerization, the spent reaction mixture volume, ⌬V k m differs from the polymerized volume Because the volume of (1͞␤ Ϫ 1)⌬V k flows into the main reaction part from the introduction part as a result of volume shrinkage, the composition of the remaining reaction mixture in the main reaction part is changed. If we neglect the reactivity differences, the mole balance equation can be obtained as follows:
where A * and A,k are the volume fractions of the A component of the reaction mixture initially charged in the introduction part and at the kth layer of the main reaction part, respectively. We assume a prompt and homogeneous additive mixing for the reaction mixture fed convectively from the introduction part by volume shrinkage and thus consider only the convection effect for development of the RIP. In realty, since diffusion of the monomer mixture from the introduction part to the reaction part during polymerization increases the ␣ value, the calculated ␣ value usually indicates the minimum ␣ achievable by our successive radial UV polymerization method. 
Using the boundary condition of A ϭ A 0 at r ϭ R 0 where A 0 is the volume fraction of the A component of the reaction mixture initially charged in the main reaction part, we finally obtained the change in composition along the radial direction as follows:
It can easily be shown that the exponent value of Eq. (5), 2(␤͞1 Ϫ 1), is exactly the same as the index exponent ␣ by use of the Lorentz-Lorenz equation 27 :
For most acrylate polymers, ␤ ϭ 0.8-0.9 and thus 2͑1͞␤ Ϫ 1͒ Ͻ 1͞2. Since these exponents are less than 1, the RIPs of our method must be concave toward the center of the rod as shown in Fig. 7 . This originated because we consider only a convection effect. Note, however, that these values are always positive when A * Ͼ A 0 and thus theoretical minimum RIP exponents were obtained with our method. Therefore, positive GRIN rod fabrication is always guaranteed regardless of the reactivity criterion. Moreover, exponent ␣ shows a value greater than 1 in reality as was shown by our experimental result in Fig. 3(a) . This might be induced by homogenization by diffusion between the comonomer mixtures in the introduction part and the main reaction part.
C. Chemical Restrictions
To consider the reactivity ratio differences of monomers in a polymerized region, the mole balance equation should be changed slightly: the last term of Eq. (3) should be replaced by A,k , which is defined by the mole balance equation before and after polymerization of the kth layer, taking into consideration the difference in the polymerized and the remaining mole fraction that is due to a reactivity ratio difference: where
from the definition of the volume fraction. The mole fraction of component A in polymerizing region F A,k is defined as follows 21 :
When the reactivity ratio differs, there is no explicit form of change in composition in the radial direction such as in Eq. (5), but we can easily obtain the numerical results for the RIP in conjunction with Eq. (3). For interfacial gel copolymerization, as in MMA and BzMA systems, there are restrictions for a GRIN profile generation such as 4
The first and second criteria in expressions (9) are also restrictions for the GRIN profile generation for interfacial gel polymerization by use of a dopant. Note again that the criteria in expressions (9) for the GRIN copolymer rod generation cannot be satisfied with the MMA and TFPMA comonomer pair because the reactivity of TFPMA is close to that of MMA, whereas the molar volume of TFPMA is almost twice that of MMA. Therefore, the MMA-TFPMA system will generate an inverse GRIN profile ͑␣ Ͻ 0͒ when the interfacial gel copolymerization scheme is used. Moreover, no composition gradients could be obtained in monomer-monomer mixtures under ultracentrifugal rotation conditions even at 1400 g, where g represent the gravitational acceleration. 20,21 Figure 8 shows RIPs for close reactivity ratios around 1.0. It is worth noting that the RIPs in Fig.  8(b) always increase toward the center of the rod in Fig. 8(b) , whereas inverse RIPs appear for copolymerization when n A Ͼ n B , as shown in Fig. 8(a) . The composition profile obtained by expressions (9) is converted to a RIP by Eq. (6).
Using Eq. (3), we compare the theoretical feature of RIP generation for copolymerization where the reactivity ratio criteria are 3
Three calculated results from Eqs. (3) and (4), when reactivity ratios differ, are shown in Fig. 3(a) . We used Eq. (3) to convert composition distribution to a RIP. Comparison of Figs. 9(a) and 9(b) shows that our RIP is adjustable whereas the RIP of copolymerization is determined only by the reactivity ratio of monomers. It is particularly interesting that the GRIN profile could be obtained when the feeding composition from the introduction part is lower than that of the initial composition in the reaction part [represented by the lower dotted curves in Fig. 9(b) ]. These strongly support the fact that, in principle, a more precise tuning of the refractive index could be possible with additional fillings of different compositions Fig. 7 . Calculated RIP for the same reactivity ratio obtained with Eqs. (5) and (6) . The parameters from Section 2 were used, i.e., A 0 ϭ 0.8, A * ϭ 0.95, n A ϭ 1.492, and n B ϭ 1.462. Fig. 8 . Calculated RIP of a GRIN rod for reactivity ratios similar to those for GRIN generation: (a) diffusion method (same as the conventional method of Koike et al. 4 ) and (b) successive UV polymerization method. For both cases we used n A ϭ 1.492 and n B ϭ 1.568.
to construct multiple cavity-preventing structures in the introduction part of an automatic refill reactor.
Conclusion
We have demonstrated that our method successfully produces a radial GRIN polymeric object even for a binary comonomer system of MMA-TFPMA for which the (photo)copolymerization or interfacial gel (co)polymerization methods exploit a reactivity ratio or molar volume difference and even when an ultracentrifugal method is not available. The successive radial UV polymerization method always guarantees the positive exponent of a RIP regardless of the chemical nature of a comonomer system such as molar volume or reactivity ratio. It is also advantageous because the diameter of the perform increases, which results in high throughput and low cost manufacturing of a GI POF. In principle, a more precise tuning of the refractive index could be possible with additional fillings of different compositions to construct multiple cavity-preventing structures in the introduction part of the reactor. Finally, we note that it is feasible for an automatic refill reactor to be used together with the other GRIN preform manufacturing methods discussed in this paper.
